The detectability of gravitational waves originating from primordial black holes or other large macroscopic dark-matter candidates inspiraling into Sagittarius A * is investigated. It is shown that LISA should be a formidable machine to detect the stochastic signal from the accumulated collection of such objects that have been gravitationally captured by Sgr A * , provided they have masses above ∼ 10 −20 M . This is especially so, if they are the main component of the dark matter, and the dark-matter density at Sagittarius A * exceeds its value in the solar-neighborhood. Notably, the window of mass that is unconstrained by various gravitational lensing arguments and observations, 2 × 10 20 g ≤ mDM ≤ 4 × 10 24 g, will be accessible. Forecasts are derived for the event rates and signal strengths as a function of dark-matter mass, assuming that the dark-matter candidates are not tidally disrupted during the inspiral. This is certainly the case for primordial black holes, and it shown that it is also very likely the case for candidate objects of nuclear density.
According to the current standard cosmological model, approximately 25 % of the energy density of the Universe is in the form of so-called cold dark matter -nonrelativistic masses forming, at least approximately, a perfect fluid of negligible pressure. The leading candidate has long been hypothetical heavy (m 1 GeV) particles outside the Standard Model of particle physics, possessing very small scattering cross-sections on each other and on Standard-Model particles. These are known for short as WIMPs. However, it has also long-been recognized that there are viable dark-matter candidates of much greater mass and cross-section, notably primordial black holes (PBH) [1, 2] (see also Refs. ) and objects of nuclear density (e.g. Ref. [24] [25] [26] [27] [28] ), either of which could potentially be the result of Standard-Model physics in the early Universe. For the purposes of this paper, we will refer to all such macroscopic dark-matter candidates, including PBHs, generically as macros.
Meanwhile, we have recently seen the dawn of gravitational-wave astronomy [29] . Advanced LIGO, operating in approximately the 1 -1000 Hz band, is now regularly detecting the merger of black holes that are of tens of solar masses. It is expected that it will sometime soon also detect neutron-star mergers.
With the continued non-detection of WIMP dark matter, and the failure of long-predicted Beyond the Standard-Model physics to materialize at the Large Hadron Collider, the case for alternative, and especially Standard Model, candidates has grown stronger, and attracted increasing attention. There has been significant attention to the possibility that multi-solar-mass black holes, such as those detected by Advanced LIGO, could be the dark matter [30] .
The anticipated next generation of gravitational-wave detectors, such as eLISA or LISA will operate in the 0.1 -100 mHz band, and is expected to be sensitive to supermassive black-hole binaries, Galactic white-dwarf binaries, and extreme mass-ratio inspirals (EMRI) [31] . Clesse et al. [32] have suggested that if the dark matter is composed of multi-solar-mass black holes that LISA could detect their merger.
Lighter macros are also of definite interest. There are well-known limits from microlensing of Milky Way and Magellanic Cloud stars [33] [34] [35] [36] limiting the abundance of macros above approximately 4×10 24 g. The failure to observe femtolensing of gamma-ray bursts [37] means that dark matter cannot be composed entirely of macros between approximately 2 × 10 17 g and 2 × 10 20 g. However, between about 2×10 20 g and 4×10 24 g there is an unconstrained window for anything of approximately ordinary matter density or greater [38] . Candidates of approximately nuclear or greater density are also unconstrained from 55 g to 2 × 10 17 g [38] , although if, as expected, primordial black holes emit Hawking radiation, then they would have evaporated before now if their masses were below approximately 10 15 g.
If the dark matter is indeed composed of dense objects with m M 2×10 33 g, then their capture by a supermassive black hole SMBH is an extreme mass-ratio inspiral (EMRI) event, and the upcoming space-based gravity waves detectors are potential detectors of this broad class of dark matter. The most promising target is the Sagittarius A * SMBH at the center of our Galaxy. Even though the strain associated with the gravitational waves from an individual macro inspiraling into Sgr A * is likely to be below the sensitivity threshold of any near-term gravitational-wave detectors such as LISA, the inspiral of a captured macro will typically take longer than the age of the Universe. Sgr A * will therefore have accumulated a large cloud of macros that are all slowly spiralling inward, emitting gravitational waves as they go. In this letter, we argue that the collective stochastic signal due to these ongoing inspirals is potentially detectable.
We now proceed to estimate the expected rate and signal strengths of gravitational-wave EMRI events from macro/PBH encounters with the Sagittarius A * SMBH. Let m be the mass of the inspiraling macro, M m the mass of the SMBH with which it merges, and v their relative velocity. The minimum impact parameter is labelled b min , which is connected to the merger crosssection σ mer ≡ π b 2 min . Ref. [39] has shown
Setting
2 is the Schwarzschild radius of the mass M , we have
where we have defined the dimensionless massm ≡ m/M and velocityṽ ≡ v/(km/s).
The macro-SMBH merger rate is
where n is the dark-matter number density at the Galactic center, and · v denotes the average over an appropriate velocity distribution.
The velocity distribution of dark matter near the Galactic center is very poorly known. Purely for the sake of making a definite estimate, we take it to be Maxwellian:
with a root-mean square velocity taken to be v RMS ∼ 100 km/s (with the scaling relative to this number retained throughout).
Unfortunately, the dark-matter energy density ρ center DM at the Galactic center is also known quite poorly. In our local neighborhood, ρ
however the value at the Galactic center is likely to be orders-of-magnitude larger (eg. Ref. [40] ). We will therefore exhibit the functional dependence on the central dark-matter density explicitly, taking 10 4 ρ local DM as our fiducial value. For the Milky Way we find
with f DM ≡ ρ macro /ρ DM being the fraction of the darkmatter in macros.
Let us now turn to the question of detectability. We need to determine the expected amplitude for the gravitational waves. More precisely, we will focus on the rootmean square amplitude of the gravitational waves in their (dominant) second harmonic emitted toward infinity, at a time when the wave's frequency is f 2 [41] ,
Above, h 2+ and h 2× are the two waveforms, while · denotes the average over a period of the waves, and over the directions of the waveforms (cf. Ref. [41] for details).
Explicitly, Eq. (7) 
which will be evaluate at the Earth, i.e. at a distance of r o ≈ 8 kpc from the source. [44] The amplitude (8) may be regarded as a 'bare' one, in the sense that it is not the one directly relevant for final signal evaluation. In fact, there are three types of enhancement of h o,2 : the first derives from observing many merger cycles of each inspiraling black hole; the second is due to the potential presence of many captured macros inspiralling simultaneously, and emitting gravitationalwave radiation at similar frequencies; the third is due to the direction of the expected signal being known to be toward Sgr A * . During an observational time ∆t obs , a gravitationalwave detector would experience n cycles ≈ f 2 ∆t obs cycles at frequency f 2 . So long as the time scale over which the gravitational-wave frequency changes is long compared to ∆t obs , and assuming optimal signal processing, the so-called characteristic strain amplitude h c,2 is enhanced by approximately the square root of the number of cycles.
Meanwhile, depending on the merger rate, for a number N of such merging black holes, one would get another enhancement factor of √ N (assuming incoherent superposition), leaving us with a characteristic strain amplitudeh
There is also an expected enhancement inh c,2 of order 4π/∆Ω(f 2 ) , where ∆Ω(f 2 ) is the angular resolution of the detector at the frequency f 2 . However we will neglect this enhancement because it depends sensitively on the configuration of the detector.
Below, we will compare this characteristic strain amplitudeh c,2 to recent sensitivity forecasts for LISA. To do so, we must specify the frequency at which to compare to the proposed instrument's sensitivity. We take f 2 = (2/3) f 2,isco , where f 2,isco is the frequency of the wave's second harmonic at the innermost stable circular orbit [41, 42] 
Here
and a ≡ c J/GM 2 is the central black hole's spin parameter. For Sgr A * a SgrA ≈ 0.65 [43] , and
Hence, f 2 1.3 × 10 −3 Hz. The time the second-harmonic waves spends in the vicinity of frequency f 2 [41] is ∆t f ≈ 66/m years. So, if we focus on macros with m ≤ M , then ∆t f is much larger than any feasible observational time.
We are now in a position to evaluate the doubly enhanced characteristic amplitudeh c,2 suitable for comparison to the LISA sensitivity 
Comparing this to the proposed root-mean square noise level of LISA (as presented in Ref. [41] ), which is h n ≈ 2×10 −21 (evaluated at 1.3×10 −3 Hz), we finds that LISA should detect gravitational-waves signals down tõ
which is given in units of solar masses. Hence, for any sizable dark-matter fraction,m lower is even smaller than the PBH evaporation threshold of 10 15 g! Fig. 1 depicts the limits that LISA could put on macroscopic dark matter. The existing open window for this form of dark matter ranging in density from black holes to just below atomic density -from 2 × 10 20 g to 4 × 10 24 g, corresponding to 10 −13 M to 2 × 10 −9 M -appears ripe for LISA.
A final concern is that tidal forces would rip apart the macro before it approached the SMBH horizon, at least partly invalidating our calculation of the gravitationalwave signal. PBHs are certainly safe from this concern. Consider a less dense macro of size d. The tidal acceleration across a distance d at the Schwarzschild radius of a Schwarzschild black hole of mass M is For atomic-density macros, which would have 10 6 cm ∼ d ∼ 10 9 cm, the situation is less optimistic, since g tidal 10 10 (d/cm) cm/s 2 . Thus atomic-density macros would likely be "spaghettified" long before reaching the SMBH, significantly suppressing any gravitational-wave signal. The precise dividing line between the robust nuclear- density macros and the disintegrating atomic-density ones would depend on the detailed physics that holds the macro together.
We therefore conclude that LISA has the potential to be a robust detector of primordial-black hole darkmatter candidate for their entire mass range! The same holds true for other macroscopic dark-matter candidates of approximately nuclear or higher density, but here even down to ∼ 10 −20 M .
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